In adipocytes that have been deprived of growth hormone (GH) for at least 3 hr, GH elicits a transient insulin-like response that is followed by a period of refractoriness to further insulin-like stimulation. Exposure of adipocytes to GH in the first hour of a 3-hr incubation prevents the appearance of insulin-like sensitivity. Intracellular Ca21 concentration ([Ca2J11) was measured in individual adipocytes that were loaded with fura-2 hexakis(acetoxymethyl) ester after preincubation in the presence (refractory) or absence (sensitive) of recombinant human GH at 100 ng/ml. In addition to its role in stimulating growth in immature individuals, growth hormone (GH) acts as a physiological antagonist of insulin (1). Paradoxically, however, when GH is reintroduced after a period of deprivation either in vivo (2, 3) or in vitro (1), it produces a response that closely resembles the response to insulin. When adipocytes that have been incubated in hormone-free medium for at least 3 hr are treated with GH, glucose uptake and utilization are increased and the lipolytic action of epinephrine is inhibited (4). These insulinlike effects disappear in 2-3 hr and are followed by a period of refractoriness in which a second insulin-like response cannot be produced even with very high doses of GH (5, 6). The insulin-like sensitivity that usually develops by the fourth hour of incubation is prevented when adipocytes are exposed to GH during the first hour of incubation, and the cells remain refractory to a subsequent challenge with GH 3 hr later (7, 8).
In addition to its role in stimulating growth in immature individuals, growth hormone (GH) acts as a physiological antagonist of insulin (1) . Paradoxically, however, when GH is reintroduced after a period of deprivation either in vivo (2, 3) or in vitro (1) , it produces a response that closely resembles the response to insulin. When adipocytes that have been incubated in hormone-free medium for at least 3 hr are treated with GH, glucose uptake and utilization are increased and the lipolytic action of epinephrine is inhibited (4) . These insulinlike effects disappear in 2-3 hr and are followed by a period of refractoriness in which a second insulin-like response cannot be produced even with very high doses of GH (5, 6) . The insulin-like sensitivity that usually develops by the fourth hour of incubation is prevented when adipocytes are exposed to GH during the first hour of incubation, and the cells remain refractory to a subsequent challenge with GH 3 hr later (7, 8) . Refractoriness is not the result of down-regulation of GH receptors, since neither the abundance nor affinity of binding sites is altered (9) .
While neither the molecular mechanisms for the insulinlike effects of GH nor those for the subsequent refractoriness are known, Ca2' has been implicated in both phenomena. The role of Ca21 in insulin action is controversial (10) (11) (12) (13) (14) , but some evidence suggests that the insulin-like effects ofGH and insulin are expressed through a common pathway (15) that may involve Ca2"/phospholipid-dependent protein kinase (protein kinase C) (16, 17) . Indirect evidence obtained with pharmacological manipulations suggests that neither extracellular Ca2" nor calmodulin plays an obligatory role in the insulin-like response but that increased intracellular Ca2" concentration ( [Ca2+]j) may be essential for maintenance of refractoriness (8) . This report describes the effects of GH on
[Ca2+]i as measured in individual adipocytes by using fura-2 as an indicator.
MATERIALS AND METHODS
Preparation of Adipocytes. Adipocytes were isolated from the epididymal fat pads of rats (150-180 g) of the CD strain (Charles River Breeding Laboratories) according to a modified (8) method of Rodbell (18) . Fat cells from two rats were pooled for each experiment. The cells were washed four times with Krebs-Ringer bicarbonate buffer with glucose (KRBG) containing 1% (wt/vol) bovine serum albumin (BSA), resuspended 1:3 (vol/vol) in KRBG/1% BSA, and incubated for 1 hr either in the absence (sensitive cells) or presence (refractory cells) of recombinant methionyl human GH (hGH; Genentech; ref. 8) at 100 ng/ml. The cells were then washed three times to free them of hGH, and the incubation was continued in GH-free medium for an additional 2.5 hr. Aliquots (1 ml) of cell suspensions were then incubated with 15.0 ,uM fura-2 hexakis(acetoxymethyl) ester (AM) (Molecular Probes) for 30 min in KRBG/1% BSA in aluminum foil-wrapped plastic flasks to prevent bleaching. Loading with fura-2 AM did not affect the basal rate of glucose metabolism or the responses to GH or insulin as judged by incorporation of [3H]glucose into total lipids by the method of Moody et al. (19) .
Imaging of Adipocytes. For measurement of [Ca2+]i, 20 ,l of fura-2 AM-loaded cell suspension was pipetted into a Plexiglas perifusion chamber (Fig. 1A) mounted on the stage of a Leitz compound microscope (Laborlux, IL). The buoyant cells attached themselves to the undersurface of a coverslip that had been coated with Cell-Tak (Collaborative Research) and mounted atop the chamber with dental wax. The chamber was perifused with KRBG/1% BSA (pH 7.4, 37°C, equilibrated with 95% 02/5% C02) at a flow rate of 1 ml/min. Efflux was drawn off the distal end of the chamber by a filter paper wick; complete exchange of buffer occurred in -15 sec. The perifusion was interrupted for 60 sec during infusion of hormone solutions through a sidearm in the buffer inlet. Hormones used in addition to hGH (500 ng/ml) were crystalline porcine insulin (500 microunits/ml; Eli Lilly) and
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. porcine oxytocin (100 ,uM; Peninsula Laboratories). Because of the geometry of the perifusion chamber, the rate of infusion, and the continuous drawing away of efflux, the hormone solution entered the chamber as a bolus virtually without mixing with perifusion buffer. We estimate that a constant concentration of hormone was maintained in the chamber for the final 35 sec of the 60-sec infusion period and that upon completion of the infusion, hormone was cleared from the chamber almost as a step function.
The adipocytes were sequentially illuminated from below with 3-nsec pulses of light (337 or 380 nm) delivered every 33 msec through a bifurcated quartz fiber extending from a nitrogen laser and a tunable dye laser (Laser Science, Cambridge, MA) (Fig. 18 ). Images were recorded with a GVC CCD video camera (GBC Camera, New York) mounted over the eyepiece and resolved into 512 x 240 pixels with an image processor (Recognition Technology, Westborough, MA). Data were selected for processing and background fluorescence was subtracted from an area of interest (7 x 9 pixels) usually positioned over the perinuclear region of a chosen adipocyte (Fig. 2 (25) . The standard method (25) parison of the measured ratios of absorption at 337 and 380 nm with fluorescence ratios measured in the cytosol of sensitive and refractory cells that were made permeable to Ca2' by treatment with the Ca2' ionophore ionomycin (1 uM) (Fig. 1C) . Fluorescence ratios were obtained after the cells equilibrated with Ca2+ over the range of 10-4-10-8 M (pCa 8-4). Ca2+ concentrations in the medium were adjusted as described by Williams et al. (20) , using stability constants of Blinks et al. (26) . This approach may not fully compensate for small changes in concentration of other divalent cations that may also interact with fura-2. Mg2+, the most abundant of these, decreases the affinity of fura-2 for Ca2+, but because its affinity for the dye is so low (27) , only very large changes in its concentration would appreciably affect the fluorescence ratio. Mn2+, Fe2+, and Zn2+ are present in cells only in trace amounts, but their affinities for fura-2 are 10-100 times greater than that of Ca2+ (25) Because most of the cytosol of adipocytes is distributed in a thin shell around a large triacylglycerol droplet, imaging was performed in the perinuclear region and included the area ofthe nucleus, mitochondria, and cytosol (Fig. 2) . Resolution ofthe imaging device was not sufficient to determine whether changes in [Ca2+] , occurred preferentially in any of these compartments. However, in a few cells (n = 25) imaging was (Fig. 3) . In contrast, when hGH was added to refractory cells, there was a prompt but gradual increase in [Ca2i] over the next 3 min. The increase in [Ca2W]i became evident within seconds after the entry of hGH into the perifusion chamber and was sustained for the remainder of the time the cells could be scanned, and well after hGH had been cleared from the chamber. [Ca2i] , produced by hGH in refractory cells would also be seen in the presence of insulin, refractory adipocytes were incubated for 20 min with either hGH (500 ng/ml), insulin (500 microunits/ml), or both hormones concurrently prior to scanning (Fig. 5) . Measurements of [Ca2]i were made in 18-25 adipocytes from each group during an 8-min scanning period. As before, hGH significantly increased [Ca2 I in refractory adipocytes (P < 0.001), whereas insulin alone had no effect. In [Ca2+] , that is optimal for insulin responsiveness (37, 38) .
Although GH, insulin, and oxytocin stimulate glucose metabolism in adipocytes, only the stimulation produced by oxytocin is associated with an increase in [Ca2+]i. The lack of effect of insulin in this regard is consistent with the findings of Kelly et al. (14) and supports the contention that Ca2+ is not a mediator of the insulin-like actions of hGH (8) 
